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Significance

Lentinula is an economically 
important group of fungi that 
includes the cultivated shiitake 
mushroom. We performed a 
comparative analysis of shiitake 
and related species, including 24 
new genomes from Asia, 
Australasia, and the Americas. 
Lentinula is roughly 28 My old 
and includes four major groups, 
three in the Americas and one in 
Asia–Australasia. Lentinula edodes 
(shiitake) comprises three 
independent lineages that may 
warrant recognition as species. 
One lineage of L. edodes is 
represented by a single Nepalese 
isolate, while the others are 
broadly distributed across East 
and Southeast Asia and show 
evidence of hybridization. Genes 
that encode enzymes responsible 
for biosynthesis of sulfur-
containing compounds have 
expanded in Lentinula and may 
contribute to the distinctive 
flavor of shiitake mushrooms.
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Lentinula is a broadly distributed group of fungi that contains the cultivated shiitake 
mushroom, L. edodes. We sequenced 24 genomes representing eight described species and 
several unnamed lineages of Lentinula from 15 countries on four continents. Lentinula 
comprises four major clades that arose in the Oligocene, three in the Americas and one in 
Asia–Australasia. To expand sampling of shiitake mushrooms, we assembled 60 genomes 
of L. edodes from China that were previously published as raw Illumina reads and added 
them to our dataset. Lentinula edodes sensu lato (s. lat.) contains three lineages that 
may warrant recognition as species, one including a single isolate from Nepal that is the 
sister group to the rest of L. edodes s. lat., a second with 20 cultivars and 12 wild isolates 
from China, Japan, Korea, and the Russian Far East, and a third with 28 wild isolates 
from China, !ailand, and Vietnam. Two additional lineages in China have arisen by 
hybridization among the second and third groups. Genes encoding cysteine sulfoxide 
lyase (lecsl) and γ-glutamyl transpeptidase (leggt), which are implicated in biosynthesis of 
the organosulfur flavor compound lenthionine, have diversified in Lentinula. Paralogs of 
both genes that are unique to Lentinula (lecsl 3 and leggt 5b) are coordinately up-regulated 
in fruiting bodies of L. edodes. !e pangenome of L. edodes s. lat. contains 20,308 groups 
of orthologous genes, but only 6,438 orthogroups (32%) are shared among all strains, 
whereas 3,444 orthogroups (17%) are found only in wild populations, which should be 
targeted for conservation.

fungi | domestication | mushrooms | evolution | population genomics

Lentinula edodes, also known as shiitake, xiang-gu, nng, or p’yogo (Japanese, Chinese, 
Vietnamese, and Korean, respectively), is one of the most widely cultivated mushrooms 
in the world. Shiitake is native to Asia, but Lentinula (Agaricales, Omphalotaceae) is 
distributed on all continents except Europe and Antarctica, as well as New Zealand, 
Tasmania, Papua New Guinea (PNG), Borneo, and the Caribbean (1–5). Lentinula species 
are white rot wood decayers, with most occurring on oaks and relatives (Fagales). All 
species of Lentinula are edible, but some people have an allergic reaction to the carbohy-
drate lentinan in uncooked mushrooms, termed “shiitake dermatitis” (6). A distinctive 
culinary property of the group is a garlicky or radish-like !avor that is due to cyclic 
organosulfur compounds, such as lenthionine (7, 8). A large body of literature explores 
the potential health bene"ts of L. edodes, which is a component of Chinese traditional 
medicine and contemporary “nutraceuticals” (9).

Taxonomy of Lentinula is in !ux (SI Appendix, Table S1). A recent phylogenetic analysis 
using genes encoding internal transcribed spacers (ITS) of ribosomal RNA (rRNA), large 
subunit rRNA, and translation elongation factor 1-α (tef1-α) resolved 15 terminal groups 
that correspond to ten described (or provisional) species and "ve unnamed lineages (10). 
Trees based on rRNA and tef1-α genes were largely congruent, with one major di#erence: 
ITS resolved two nonsister lineages within the geographic range of L. edodes, which were 
previously called Group 1 and Group 5 (11), but tef1-α resolved only one lineage. Most 
populations of Lentinula in Asia–Australasia are mating compatible, which has led some 
authors to suggest that they all represent the same species, namely L. edodes (12).

Several genomes of L. edodes have been published from Chinese, Japanese, and South 
Korean strains (13–17), as well as one genome of L. novae-zelandiae from New Zealand (18). 
Population genomic analyses of L. edodes in China have been performed by Xiao et al. (19) 
and Zhang et al. (17). Population structure analysis using single-nucleotide polymorphisms 
(SNPs) in both studies suggested the existence of three populations in China that Zhang 
et al. (17) termed cultivars, wild 1, and wild 2. Other studies aimed at strain characterization 
in L. edodes have used analyses of mitochondrial genomes (20) and other methods based on 
DNA polymorphisms (21–25).D
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Ambiguity about species limits and the lack of a robust phyloge-
netic framework hinder basic and applied research in Lentinula. We 
conducted a phylogenomic analysis using a geographically diverse 
set of Lentinula isolates, including 24 new genomes. To expand 
sampling of L. edodes, we assembled and annotated 60 genomes 
from Illumina reads published by Xiao et al. (19). We performed 
phylogenetic and population structure analyses, assessed evidence 
of gene !ow between lineages, and characterized the pangenomes 
of L. edodes, L. boryana, and L. raphanica. We also analyzed genes 
encoding enzymes involved in decay of plant cell walls and biosyn-
thesis of organosulfur compounds. Our results have implications 
for classi"cation and conservation in Lentinula and provide clues 
to the origin of its unique !avor pro"le.

Results

Twenty-Four New Lentinula Genomes. We sequenced the genomes 
of 11 Lentinula individuals from Asia–Australasia and 13 individuals 
from the Americas, which correspond to 11 of the lineages that are 
resolved with rRNA and tef1-α genes (SI Appendix, Table S1) (10). 
Seven genomes were assembled using PacBio long reads, while the 
others were produced using Illumina. Genome completeness as 
estimated by BUSCO 5.3.2 (Benchmarking Universal Single-Copy 
Orthologs) (26) is 98.80 to 99.93% with an average of 99.51% 
(OrthoDB v10, Basidiomycota) (27). All but L. aciculospora are 
haploid genomes. We added four published genomes (three L. edodes 
and one L. novae-zelandiae) (13, 16, 18) for a core comparative 
dataset of 28 Lentinula genomes (Dataset S1).

Lentinula genomes average 40.48 Mbp (Figs. 1 and 2). Lentinula 
aciculospora JLM2183 has the largest genome (56.71 Mbp), but 
almost half the genome (45.97%) is composed of transposable 
elements. Lentinula raphanica has the lowest repeat content (0.58 
to 10.86%) but more coding regions with thousands more genes 
than the other species. $e sizes and repeat contents of Lentinula 
genomes are comparable to those of other basidiomycetes (28, 29). 
To characterize gene presence/absence variation (PAV) across 
Lentinula, we used an orthology-based approach. We considered 
orthogroups to be present in a strain if at least one protein-coding 
sequence was assigned to that orthogroup by OrthoFinder (30) 
without considering gene length or copy number. $e core genome 
of Lentinula comprises 5,329 orthogroups that are shared among 
all included strains, while 9,763 orthogroups show PAV across the 
dataset without being restricted to any monophyletic group. 
Orthogroups unique to lineages are rare, except in L. raphanica, 
which has 636 lineage-exclusive orthogroups containing 809 to 
868 genes per genome (SI Appendix, Figs. S1 and S2).

Lentinula Has a Conserved White Rot Decay Apparatus. Substrate 
use e%ciency is a key determinant of productivity in cultivation. 
Accordingly, we characterized genes encoding plant cell wall 
degrading enzymes (PCWDEs), including carbohydrate-active 
enzymes (CAZys) (31) and decay-related oxidoreductases, as well 
as cytochrome P450s (CYPs) (SI  Appendix, Table S2, Figs. S3–
S12, and Datasets S2 and S3). $e numbers of CAZy genes in L. 
raphanica (average 480) and other species of Lentinula (average 477) 
were not signi"cantly di#erent (P value of the rank-sum test: 0.52). 
Overall, the composition of PCWDEs and CYPs is highly uniform 
across Lentinula species, re!ecting their conserved ecological role 
as white rot saprotrophs on hardwood substrates, mainly Fagales.

Enzymes Involved in Biosynthesis of Organosulfur Compounds 
Have Expanded in Lentinula. Cysteine sulfoxide lyase (encoded 
by lecsl) and γ-glutamyl transpeptidase (encoded by leggt) are 
implicated in the biosynthesis of formaldehyde and the cyclic 
organosulfur compounds that give shiitake its distinctive !avor 
and aroma (7, 8, 13, 32–34). While a paralog of lecsl is reported 
to facilitate organosulfur production (13), there is little evidence 
supporting the role of a speci"c leggt orthogroup in the production 
of organosulfur small molecules. Most Lentinula genomes contain 
three lecsl orthogroups (lecsl 1 to 3) and "ve leggt orthogroups 
(leggt 1 to 5), totaling upward of six homologues per species 
(SI Appendix, Figs. S13 and S14 and Table S3). Lentinula genomes 
possess 2 to 4 (average 2.2) copies of lecsl and 5 to 7 (average 
6.7) copies of leggt, but the other species of Omphalotaceae in 
our analysis possess 0 to 1 (average 0.4) lecsl gene and 3 to 4 
(average 3.6) leggt genes. Phylogenetic and syntenic analyses of 
lecsl and leggt homologues from all available Agaricomycotina 
genomes suggest that gene duplications occurred within 
Omphalotaceae, resulting in paralogs of lecsl and leggt that are 
unique to Lentinula (SI Appendix, Figs S13 and S14). Independent 
tandem duplications of leggt 5 followed the divergence of L. 
raphanica from L. boryana and the emergence of L. edodes. An 
additional duplication resulted in a third distal leggt 5 paralog 
in L. raphanica. Gene coexpression analysis in a dikaryotic L. 
edodes isolate NBRC111652 indicates that lecsl 3 and leggt East 
5B are the only signi"cantly coordinately expressed lecsl and leggt 
copies from this isolate (SI Appendix, Fig. S15). $ese genes are 
up-regulated in fruiting bodies, suggesting that they may be 
responsible for biosynthesis of lenthionine and formaldehyde.

Lentinula Contains Four Major Groups That Arose in the 
Paleogene. $e most recent common ancestor (MRCA) of 
Lentinula lived approximately 28.3 (27.5 to 30.4) Mya (Fig. 2 

A B

Fig. 1. Genome characteristics of Lentinula. (A) Nonrepeat regions and number of genes. The vertical lines indicate the average sizes of the groups. (B) Repeat 
contents of the eight PacBio assemblies. Repeat regions were estimated using the JGI annotation pipeline. LTR: long terminal repeats.D
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and SI  Appendix, Figs. S16–S18 and Dataset S4). Four major 
groups of Lentinula diverged in the Oligocene. $ree occur in 
tropical or subtropical regions of the Americas and correspond to 
L. raphanica, L. aciculospora, and the L. boryana species complex 
(a group of four lineages, including L. boryana, L. guzmanii, L. 
detonsa, and L. a#. detonsa) (10). $e fourth major group occurs 
in Asia–Australasia. $e MRCA of the Asian–Australasian group 
lived about 6.0 (5.7 to 6.4) Mya, which is slightly older than the 
MRCA of the L. boryana complex (4.2 [3.9 to 4.5] Mya). Four 
lineages are resolved in the Asian–Australasian clade, which we 
have labeled L. edodes sensu lato (s. lat.; broadly distributed in 
temperate to tropical Asia), L. novae-zelandiae (New Zealand), L. 
lateritia (PNG and Australia), and L. a#. lateritia (PNG), which 
is the sister group of the remaining Asian–Australasian lineages. 
Lentinula aciculospora, from Costa Rica, is the sister group of the 
Asian–Australasian clade.

Six alternative phylogenetic topologies with varying place-
ments of L. aciculospora and L. a#. lateritia were rejected using 
topology constraint tests implemented in IQ-TREE V.1.6.1 (35) 
(SI Appendix, Fig. S19 and Table S4). Moreover, the same tree 
topology was recovered in analyses using six di#erent subsam-
pled versions of the dataset, which were partitioned according 
to alignment length, DVMC, median long-branch score, per-
cent parsimony informative sites, saturation, and treeness 
divided by RCV. Examination of long-branch scores per taxon 
(36) suggests that long-branch attraction is not a likely source 
of error (SI Appendix, Fig. S20).

Lentinula Genomes Represent up to 13 Species. Bayesian analyses 
under the multispecies coalescent (MSC) model implemented in 
STACEY (37) resolved nine to thirteen species clusters in the 28 
reference Lentinula genomes, with the exact value depending on 
collapse height (ε) settings (38). At ε = 0.0001, 13 species were 
resolved corresponding to L. lateritia, L. a#. lateritia, L. novae-
zelandiae, L. aciculospora, four species in the L. boryana complex, 
two species in L. raphanica, and three species in L. edodes s. lat. 
(Fig.  3). $e three species clusters resolved in L. edodes s. lat. 
include one group in Northeast Asia (six individuals from Japan, 
China, Korea, and Russia), a second from Southeast Asia (two 
individuals in Vietnam and $ailand), and a third consisting of 
a single individual from Nepal (HRB 7682). At ε = 0.0002, L. 
raphanica collapsed to a single species cluster, and L. lateritia and 
L. novae-zelandiae were lumped into a single species (yielding 
eleven species). At ε = 0.0003, L. edodes s. lat. also collapsed to a 
single species cluster (yielding nine species).

Cultivated Strains Are Concentrated in One Lineage of 
L. edodes s. lat. To expand sampling of L. edodes s. lat., we 
assembled and annotated 60 genomes (21 cultivated and 
39 wild) from Illumina reads published by Xiao et  al. (19) 
(SI Appendix, Fig. S21). Concatenated phylogenetic analyses 
(39) and species tree analyses (40) yielded the same major 
topology as that obtained with the core dataset (SI Appendix, 
Figs. S22 and 23). Within L. edodes s. lat., three lineages 
were resolved, including 1) a “cultivars + wild” (CW) group 

Fig. 2. Phylogenetic relationships, clade ages, genome sizes and contents, and classification of Lentinula. Chronogram was produced using BEAST. Node bars 
indicate 95% h.p.d. of age estimates. All branches receive 100% bootstrap support unless otherwise indicated. KO = Korea, JP = Japan, CN = China, RU = Russia, 
TH = Thailand, VN = Vietnam, NP = Nepal, AU = Australia, NZ = New Zealand, PNG = Papua New Guinea, CR = Costa Rica, US = United States, BR = Brazil, and 
MX = Mexico. Numbers following isolate and country codes indicate ITS groups. Core genes are those conserved in all genomes, while ITS-group specific genes 
include the genes conserved in all members of a group but lacking in others.
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containing 20 cultivated isolates and six wild strains from 
China sampled by Xiao et al. plus the six northeast Asian strains 
sequenced in this study, 2) a “wild” (W) group containing 26 
strains from Xiao et al. (19) plus the two southeast Asian strains 
reported here, and 3) the Nepalese isolate HRB7682, which 
was again placed as the sister group of the rest of L. edodes s. lat. 
$e CW, W, and Nepalese groups in L. edodes s. lat. correspond 
to the three species resolved with the 28 genomes of the core 
comparative dataset under the MSC model. In addition to 
these, a paraphyletic “mixed” (M) assemblage of genomes 
was resolved, comprising seven wild isolates and one cultivar 
(ZP85) from the study of Xiao et al. (SI Appendix, Figs. S22 
and S23). $e CW, W, and M groups have broadly overlapping 
geographic ranges in continental Asia and correspond to the 
cultivars, wild 1, and wild 2 groups, respectively, delimited by 
Zhang et al. (17).

Lentinula edodes s. lat. Contains At Least Two Admixed Populations. 
To assess population structure in L. edodes s. lat., we constructed two 
SNP datasets, one containing 3 × 106 SNPs scored from genome 
assemblies and the other with 8,777 SNPs scored from Illumina 
reads (Fig. 4 and SI Appendix, Fig. S24). SplitsTree (41) analyses 
divided the W and CW groups into two widely separated clusters, 
with M1 and M2 intermediates, which is consistent with gene-based 
phylogenies (SI Appendix, Figs. S22 and S23). In Admixture analyses 
at K = 2 (the optimal value for the number of subpopulations) or 
K = 3, all eight individuals from the M group contain a mixture 
of SNPs assigned to the CW and W groups, but at K = 4, the six 
isolates of M2 are resolved as a unique population, while the two 
isolates of M1 (YS84 and YS88) are still resolved as mixtures of the 
CW and W groups (Fig. 4 and SI Appendix, Fig. S24). At K = 3 
or K = 4, the W group is divided into two subpopulations, but the 
CW group remains homogeneous. $e Nepalese isolate HRB7682 
is resolved as a member of the W group in Admixture analyses, but 
a principal component analysis (PCA) of SNP data separates the 
Nepalese isolate from all other isolates of L. edodes s. lat. (Fig. 4).

SNP analyses suggest that M1 and M2 arose via independent 
hybridization events between the CW and W groups. To recon-
struct phylogenetic scenarios that include reticulation, we per-
formed Species Networks applying Quartets (SNaQ) analysis (42) 
using 196 gene trees from 88 Lentinula genomes with two out-
group Omphalotaceae genomes. When M1 and M2 were con-
strained to be hybrids, the best model supported two introgression 
events from the CW group into the M group, with a higher degree 
of introgression into M1 (y = 48) than M2 (y = 29) (Fig. 5), which 
is consistent with the population structure resolved with 
Admixture. In an unconstrained analysis, where the M groups 
were not designated as hybrids, the best model suggested 

introgression between the CW group of L. edodes s. lat. and the 
ancestor, the Asian–Australasian clade, but there is no support for 
this scenario in other analyses.

ITS Is Polymorphic in L. edodes s. lat. Phylogenetic analyses of 
51 ITS sequences extracted from genomes or downloaded from 
GenBank resolved 16 terminal groups in Lentinula, including the 
15 groups identi"ed by Menolli et al. (10) and the Vietnamese 
L. platinedodes (2) (SI Appendix, Fig. S25). Our genome dataset 
includes exemplars of eleven of the ITS-based lineages (SI Appendix, 
Table S1). Nine of the ITS-based lineages are congruent with 
genome-based lineages. However, two ITS types that have been 
called Group 1 and Group 5 (10, 11) are scattered throughout 
L. edodes s. lat. $e Group 5 ITS type is present in ten of the 27 
genomes in the W group and the Nepalese isolate HRB7682, but 
all other genomes of L. edodes s. lat. have the Group 1 ITS type 
(Fig. 4 and SI Appendix, Fig. S22–S24). Group 1 and Group 5 
are nonsister lineages in ITS phylogenies (SI Appendix, Fig. S25). 
Constrained topologies that forced monophyly of Group 1 and 
Group 5 were rejected using IQ-TREE (SI Appendix, Table S5).

$e method we used to extract ITS sequences from genomes 
generates a consensus sequence. However, inspection of Illumina 
reads mapping to ITS in 60 dikaryotic genomes of L. edodes s. lat. 
published by Xiao et al. (19) revealed cryptic heterogeneity in ITS 
within individuals. Eight genomes bearing an apparent Group 5 
ITS are polymorphic at 8 of the 20 conserved nongapped positions 
that discriminate the ITS types (SI Appendix, Figs. S27 and S28). 
In contrast, there is no evidence of polymorphism in any of the 
genomes with an apparent Group 1 ITS and one of the genomes 
with an apparent Group 5 ITS (YS3353), except at a single posi-
tion (site 669).

Wild Populations of L. edodes s. lat. Harbor Unique Genetic 
Diversity. $e pangenome for 27 cultivar genomes of L. edodes 
s. lat. contains 16,864 orthogroups, of which 7,248 orthogroups 
comprise the core genome (i.e., the accessory genome contains 
9,616 orthogroups). However, with addition of 39 wild genomes, 
the pangenome expanded to 20,308 orthogroups, while the core 
genome declined to 6,483 orthogroups, indicating that wild 
genomes of L edodes s. lat. contain 3,444 orthogroups that are not 
present in cultivar genomes (Fig. 6). $e pangenome rarefaction 
curve for L. edodes s. lat. appears to be approaching saturation. 
$e pan-, core, and accessory genomes of L. raphanica contain 
12,608, 9,501, and 3,107 orthogroups, while those of the L. 
boryana complex contain 10,658, 8,781, and 1,877 orthogroups, 
respectively. However, those groups are represented by only six 
genomes each, and their rarefaction curves do not appear to be 
saturated (SI Appendix, Fig. S29).

L. raphanica TFB9929 CR
L. raphanica TFB9207 US
L. raphanica TFB8682 US
L. raphanica JLM1587 US
L. raphanica INPA1820 BR
L. raphanica INPA1701G BR
L. boryana TFB10827 BR
L. boryana TFB10292 MX
L. boryana TFB10291 MX
L. boryana TFB7829 CR
L. boryana TFB7810 CR
L. boryana ET3784 MX
L. lateritia sp3 TMI1502 PNG
L. lateritia TMI1499 PNG
L. novaezelandiae TMI−1172 NZ
L. novaezelandiae ICMP18003 NZ
L. lateritia RV 95−379 AU
L. lateritia RHP3577 AU
L. lateritia sp2 HRB7682 NP
L. edodes TMI1633 TH
L. edodes CS−584 VN
L. edodes NBRC111202 JP
L. edodes W1−26 CN
L. edodes TMI1148 JP
L. edodes VB361 KO
L. edodes LeBin 0899 RU
L. edodes B17 KO
L. aciculospora JLM2183 CR
Rhodocollybia butyracea
Gymnopus luxurians
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0.9
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L. aciculospora

L. edodes
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Fig. 3. Species or minimal cluster trees inferred with STACEY with matrices showing posterior probability densities for species clusters obtained at collapse 
height (ε) settings of 0.0001 (Left), 0.0002 (Middle), and 0.0003 (Right).
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Discussion

Lentinula Originated in the Tropics and Occurs Mainly on Oaks 
and Relatives. $ree of the four major lineages of Lentinula 
(L. aciculospora, L. raphanica, and the L. boryana complex) are 
found in tropical and subtropical regions in the Americas, while 
the fourth occurs in Asia and Australasia. Contrary to prior 
analyses of ITS and tef1-α sequences (10), L. aciculospora is the 
sister group of the Asian–Australasian group, which renders the 
lineages from the American tropics paraphyletic. Genome data 
are lacking for several tropical species of Lentinula, including 
L. madagasikarensis (Madagascar), L. platinedodes (Vietnam), L. 
guarapiensis (Paraguay), L. ixodes (Brazil) (43), and undescribed 
specimens from Central Africa (SI Appendix, Table S1), which 
precludes historical biogeographic analyses. Nevertheless, it is 
most likely that Lentinula arose in tropical or subtropical regions, 
perhaps the Neotropics, as suggested by Menolli et  al. (10). 
Lentinula edodes s. lat. is nested within a paraphyletic assemblage 
of lineages from Australasia, including L. lateritia, L. a#. lateritia, 
and L. novae-zelandiae, suggesting that it represents a unique 
expansion of Lentinula into the north temperate zone.

Most species of Lentinula occur on Fagales, such as the shii tree, 
Castanopsis cuspidata, for which shiitake is named. $e exceptions 

include L. madagasikarensis, which is associated with Malvales, 
Malpighiales, and Myrtales (3), and L. raphanica, which is 
reported on eight orders of angiosperms, including Fagales (5, 
10). Lentinula raphanica is also notable for its broad geographic 
distribution, from the Gulf Coast of North America to the south-
ern Atlantic coast of Brazil (10). $e genome of L. raphanica 
contains 636 orthogroups that are not found in any other 
Lentinula species, including 507 with no known homologues in 
any organism when aligned with the NCBI nr database (May, 
2021; Fig. 2 and SI Appendix, Fig. S1). It is not clear whether the 
expansion of L. raphanica onto new substrates in diverse habitats 
is related to the acquisition of the “orphan” genes in this group. 
$e uniformity of PCWDEs and CYPs across Lentinula, including 
L. raphanica, suggests that adaptation to new hosts and environ-
ments is not correlated with gains or losses of genes encoding 
known groups of decay-related enzymes (SI Appendix, Figs. S3–
S12, Table S2, and Datasets S2 and S3). Fossils and molecular 
clock analyses suggest that Fagales originated in the Cretaceous 
period (44), making it plausible that they include the original 
substrates for Lentinula.

Species of Lentinula are often described as having !avors and 
aromas reminiscent of cabbages, radishes, or garlic, which are due 
to the presence of the organosulfur compound lenthionine. 

A B

C

Fig. 4. Population structure in L. edodes s. lat. based on 3 × 106 SNPs obtained from assemblies. (A) SplitsTree graph of SNP data, with Admixture pie graphs 
at K = 2. (B) Admixture results at K = 2, 3, and 4. (A and B) Labels for isolates with group 5 ITS type are shaded in purple (others are group 1). Labels for cultivars 
are shaded in gray (others are wild isolates). (C) PCA of SNPs.
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(Indeed, the speci"c epithet raphanica alludes to radishes.) $e 
unique tandem and distal duplications of genes encoding γ-glu-
tamyl transpeptidase may be responsible for this trait and thus are 
potential targets for future breeding e#orts (SI Appendix, Figs. 
S13–S15).

Mating Compatibility Underestimates Species Diversity in 
Lentinula. $e number of species in Lentinula has been controversial. 
To estimate species limits, we performed Bayesian analyses under 
the MSC model using the 28-genome core comparative dataset. 
However, such approaches have been criticized on the grounds that 
they may misinterpret population structure as evidence for species 
boundaries (45, 46). Moreover, the number of species clusters 

that we obtained was sensitive to collapse height (ε) settings in 
STACEY ranging from thirteen at ε = 0.0001 to nine at ε = 0.0003 
(Fig.  3). To evaluate alternative scenarios, we referred to prior 
taxonomy. Six described (or provisional) species were resolved in 
all STACEY analyses, including L. a#. lateritia, L. aciculospora, and 
the four species of the L. boryana complex, which Menolli et al. 
(10) recognized based on anatomical characters and divergence in 
ITS sequences. $e species whose delimitations varied include L. 
edodes s. lat. (resolved as three species at ε = 0.0001 or 0.0002 or 
one species at ε = 0.0003), L. raphanica (two species at ε = 0.0001 
and one species at ε = 0.0002 or 0.0003), and L. lateritia plus L. 
novae-zelandiae (two species at ε = 0.0001 and one species at ε = 
0.0002 or 0.0003).

Lentinula edodes M2 (6)

Lentinula edodes W (28)

Lentinula edodes M1 (2)

Lentinula edodes C+W (30)

Lentinula aff. edodes (1)

Lentinula lateritia G2 (2)

Lentinula novae-zelandiae (2)

Lentinula aff. lateritia G4 (2)

Lentinula raphanica (6)

Lentinula boryana complex (6)

Rhodocollybia

Gymnopus

y=48

y=29

Lentinula aciculospora (1)
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Fig. 5. The best-supported phylogenetic SNaQ network inferred from pseudolikelihood inference with incomplete lineage sorting based on 196 gene trees from 
an 86-genome dataset and enforcing M1 and M2 clades as hybrids, implemented in PhyloNet. The number of genomes per group is given in parentheses. Both 
M1 and M2 were resolved in a clade with L. edodes W with different amounts of introgression from L. edodes C + W. M1 as sister to the M2, and the W clade shows 
more introgression with the L. edodes C + W clade. This pattern may be indicative of cultivated strains being reintroduced to hybridize with natural populations 
of the W clade. Inset: Comparison of model likelihoods for different maximum number of putative hybridizations (hmax) shows the best model at hmax = 3.

Fig. 6. Rarefaction curve showing pangenome (blue line) and core genome (red line) in L. edodes s. lat. X axis indicates number of isolates sampled; Y axis 
indicates number of orthogroups in each category (an orthogroup may contain one or more gene copies). Core are orthogroups that are present in all isolates up 
to that point, whereas the pangenome contains orthogroups present in at least one isolate prior to that point. Each defined range of isolates (cultivars: Left; wild: 
Right) is produced using 1,000 iterations with random genome addition sequences. Violin plots indicate the distribution of values for the different permutations.D
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$ere is no taxonomic precedent for splitting L. raphanica or 
L. edodes, but L. lateritia and L. novae-zelandiae were recognized 
as discrete species in the monograph of Lentinula by Pegler (1). 
Lentinula novae-zelandiae has a stipe covered with "brillose scales 
and a wrinkled pileus, whereas L. lateritia is smooth, and the two 
species are geographically isolated. Accordingly, we consider the 
13-species scenario obtained at ε = 0.0001 to be the most plausi-
ble. Under that scenario, the W and CW groups and isolate 
HRB7682 from Nepal of L. edodes s. lat. would represent three 
independent species (exemplars of M1 and M2 were not included 
in the core dataset) (Fig. 3). Geographic ranges of the CW and 
W groups broadly overlap in central and southwest China (par-
ticularly Yunnan, Sichuan, and Shaanxi provinces; SI Appendix, 
Table S1 and Dataset S1) (17), but the potential for movement 
of cultivars makes it di%cult to assess whether strains of the CW 
group collected in the wild are truly native or are escaped cultivars, 
as suggested by Zhang et al. (17). SNP and species network anal-
yses suggest that repeated episodes of gene !ow from the CW 
group into the W group have occurred, resulting in the hybrid 
M1 and M2 groups.

$e Nepalese isolate HRB7682 was consistently placed as the 
sister group of the rest of L. edodes s. lat. in phylogenetic analyses, 
and it was clearly separated from the CW, W, M1, and M2 groups 
in PCA of SNP data (Figs. 2 and 4 and SI Appendix, Fig. S16, 
S17, S22, and S23). A large geographic distance separates 
HRB7682 from the other isolates of L. edodes s. lat. in our study, 
but that could be an artifact of limited sampling. Genomic and 
morphological analyses of additional specimens from across South 
Asia are needed to assess the ranges and limits of cryptic species 
within L. edodes s. lat. In the absence of such studies, we propose 
that the Nepalese isolate be classi"ed as L. a#. edodes and that the 
CW and W groups be regarded as populations of L. edodes sensu 
stricto (s. str.). Similarly, L. raphanica s. lat. should be studied 
across its range, particularly in Central America, to assess whether 
it harbors multiple species. At present, lacking morphological 
evidence, and with limited geographic sampling, it would be pre-
mature to describe new species within either L. edodes s. lat. or L. 
raphanica s. lat.

Lentinula a#. lateritia was consistently resolved as a discrete 
species under the MSC. Lentinula a#. lateritia overlaps with L. 
lateritia in PNG (the latter is also distributed in Australia), but 
they occur in di#erent mountain ranges and at di#erent elevations 
(12), are nonsister lineages, and are incapable of mating (12). 
$us, there is ample evidence to support recognition of L. a#. 
lateritia as a unique species, pending morphological description, 
and designation of a type specimen.

Excluding L. a#. lateritia, all species of Lentinula in Asia–
Australasia that have been tested are mating compatible (12) based 
on the production of clamp connections in test crosses between 
monokaryons, which have been widely used to assess “biological 
species” in basidiomycetes (47). Consequently, some authors have 
suggested that all Asian–Australasian lineages of Lentinula represent 
L. edodes (12, 48). Nevertheless, concatenated phylogenies, species 
tree analyses, and STACEY analyses consistently support the sepa-
ration of L. lateritia, L. a#. lateritia, L. novae-zelandiae, and L. edodes 
s. lat. as independent lineages (Figs. 2 and 3 and SI Appendix, Figs. 
S22 and S23). Similarly, several species in the L. boryana complex 
are mating compatible based on formation of clamp connections 
in culture (5), which further demonstrates that the evolution of 
prezygotic isolation lags behind speciation in Lentinula.

ITS Has Low Taxonomic Resolution and Is Polymorphic in 
L. edodes s. lat. ITS is the standard barcode marker for fungi, with 
a 97 to 99% sequence identity in this region commonly used to 

delimit species (49, 50). Our sample of Lentinula genomes includes 
13 groups that may warrant recognition as species. However, using 
a 97% sequence identity cuto#, we would recognize only four 
species, corresponding to L. aciculospora, L. raphanica, the L. 
boryana species complex, and the entire Asian–Australasian clade 
(SI Appendix, Fig. S26). At a 99% similarity cuto#, 8 species would 
be resolved, with only two species in Asia–Australasia.

Further complicating the use of ITS as a species marker in 
Lentinula is the existence of two nonsister ITS types in L. edodes s. 
lat., previously called Group 1 and Group 5 (10, 11) (SI Appendix, 
Fig. S25). Phylogenomic analyses suggest that these two ITS types 
have been retained as a polymorphism within L. edodes s. lat. (Fig. 4 
and SI Appendix, Figs. S22 and S23). Monophyly of the Group 1 
plus Group 5 ITS types was rejected, which implies that they did 
not both arise in the lineage leading to L. edodes s. lat. $e L. edodes 
s. lat. genomes that bear signatures of both ITS Group 1 and Group 
5 are all dikaryons (SI Appendix, Fig. S28), suggesting that intragen-
omic heterogeneity in ITS, where it occurs, may be partitioned 
among nuclei. Owing to the limitations of ITS, alternative barcode 
markers should be developed for rapid biodiversity assessment in 
Lentinula, particularly in Asia.

Conservation, Domestication, and the Shiitake Pangenome. An 
understanding of the genetic diversity of a species and its distribution 
is important for both conservation and strain development. Across 
66 L. edodes s. lat. genomes, we found that the core genome includes 
only 32% of the genetic diversity (orthogroups) of the pangenome 
(Fig. 6). $e accessory genome of Lentinula is larger than in most 
previously described fungi (51, 52).

Within L. edodes s. lat., wild genomes contain 3,444 orthogroups 
that are not present in cultivars (possibly re!ecting bottlenecks due 
to domestication), which could be useful for strain development. 
Unfortunately, wild populations of L. edodes s. lat. are potentially 
susceptible to loss of diversity due to interbreeding with escaped 
cultivars (53). $e situation is particularly worrisome in South Asia 
and the adjacent Yunnan and Sichuan provinces of China, which 
hold a large concentration of the W group of L. edodes s. str. and 
L. a#. edodes. Wild shiitake is traditionally foraged in Nepal, but 
current mushroom farms use commercial cultivars (54, 55). Shiitake 
is also cultivated in New Zealand and Australia, which poses a 
danger to local populations of L. novae-zelandiae and L. lateritia, 
with which it is capable of mating.

$ere have been at least two domestication events in L. edodes 
s. lat. represented by the cultivated isolate ZP85 in the M2 group 
and multiple cultivar isolates in the CW group, but it is di%cult 
to estimate the precise number, owing to lack of resolution in the 
CW group (Fig. 4 and SI Appendix, Figs. S22 and S23). Zhang 
et al. (17) sampled four individuals of L. edodes s. lat. from Jiling 
and Liaoning provinces, adjacent to the Korean Peninsula, which 
they placed in their “cultivars” group. Our newly sequenced 
genomes in the CW group include three individuals from Japan, 
North Korea, and the Russian Far East, which lends support to 
the view that modern shiitake cultivars originated in Northeast 
Asia (SI Appendix, Table S1). Genome sampling of L. edodes s. lat. 
remains sparse outside of China. To reconstruct the domestication 
of shiitake, it will be necessary to sequence the genomes of addi-
tional wild strains from continental Asia and Japan.

Methods
Sampling. Isolates used in this study were obtained as live or lyophilized cultures from 
the Tottori Mycological Institute (Tottori, Japan), University of Tennessee fungal culture 
collection (Knoxville, TN, USA), University of South Alabama (USAM), Duke University 
fungal culture collection (Durham, NC, USA), National Institute of Amazonian Research D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
76

.1
81

.1
25

.1
69

 o
n 

D
ec

em
be

r 1
0,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 7
6.

18
1.

12
5.

16
9.

http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214076120#supplementary-materials


8 of 10   https://doi.org/10.1073/pnas.2214076120 pnas.org

(INPA, Manaus, Brazil), Northwest Mycological Consultants (Corvallis, OR, USA), and 
Komarov Botanical Institute Basidiomycetes Culture Collection (St. Petersburg, Russia). 
All field collections were made prior to 1997, except Brazilian isolates of L. raphan-
ica and L. boryana s. lat., which were obtained under a material transfer agreement 
between the INPA and Clark University, and L. aciculospora JLM 2183, which was 
collected under contract with CONAGEBIO, MINAE, Costa Rica, permit R-020-2014. 
Cultures were maintained on malt extract agar and grown on liquid malt extract 
medium for DNA and RNA isolation at the Clark University.

Genome Sequencing and Annotation. Genome and transcriptome sequenc-
ing were performed under the auspices of the Department of Energy Joint 
Genome Institute (JGI) Community Science Program at the JGI in Walnut Creek 
and Berkeley, CA. Genomes were sequenced using Illumina and PacBio technol-
ogies and assembled with Falcon 0.7.3 and 1.8.8 (PacBio) and SPAdes 3.12.0 
and 3.13.0 or Velvet 1.2.07 (Illumina). All genomes were annotated using 
the JGI Annotation Pipeline and made available via the JGI fungal genome 
portal MycoCosm (http://mycocosm.jgi.doe.gov/Lentinula) (56). The 60 L. edo-
des s. lat. genomes published as unassembled Illumina reads by Xiao et al. 
(19) were assembled using SPAdes v.3.13 (57) with reference to the L. edodes 
W1-26 genome (13) and assessed using BUSCO 5.3.2 with the OrthoDB v10 
Basidiomycota database (SI Appendix).

Analyses of Functional Genes. Genes encoding PCWDEs in a core dataset of 28 
Lentinula genomes were annotated using the CAZy pipeline (31). Genes encoding 
decay-related oxidoreductases (class II peroxidases [POD], glucose-choline-meth-
anol oxidoreductases, copper radical oxidases, and multicopper oxidases) were 
further analyzed by querying Lentinula genomes with well-characterized genes 
from various Agaricomycetes (SI  Appendix) or by searching according to the 
EuKaryotic Orthologous Groups (KOG) classification, followed by phylogenetic and 
sequence-based structural analyses. Phylogenetic analyses of genes encoding class 
II peroxidases from Lentinula and 28 other Agaricales genomes analyzed by Ruiz-
Dueñas et al. (58) were performed using five “generic peroxidase” sequences of 
Stagonospora nodorum (Pleosporales) to root the tree. To retrieve and annotate 
cytochrome P450 monooxygenase genes, 84 hidden Markov models were con-
structed based on all available P450 amino acid sequences in the NCBI nr and 
MycoCosm databases (as of August 2018). Sequences were clustered using UCLUST 
1.2.22q (59), and model names were applied following Nelson (60).

To reconstruct origins of lecsl and leggt in Lentinula, the 28 Lentinula core 
genomes and all available fungal proteomes in the NCBI and MycoCosm (56) 
databases (December, 2020) were searched with BLASTp v2.5.0+ (Ye et al. 2006), 
using known lecsl and leggt genes as queries (13). Leggt Pfam (61) domains 
(PF01019.24) were retrieved from BLAST homologues with at least 40% Pfam 
query coverage via hmmsearch v3.3.2. Phylogenetic analyses of leggt and lecsl 
genes or Pfam domains were performed using IQ-TREE v2.0.3 (-B 1000) (35) 
following aligning with MAFFT v7.487 (--auto) (62) and trimming using ClipKIT 
v1.3.0 (63). Syntenic analysis was conducted by extracting up to 10 Kb up- and 
downstream of lecsl and leggt genes and aligning them in clinker v0.0.24 (64).

Transcriptome Analyses. RNA was isolated from a dikaryotic strain of L. edodes 
NBRC111202 using the Qiagen RNeasy Plant Mini Kit. Nine samples were taken, 
with three replicates each, including mycelium at 2 wk on agar media and 2 mo 
on sawdust (fruiting) media, whole primordia (≈1 cm), caps and stipes of young 
(≈3 cm) and mature (>3 cm) fruiting bodies, and whole mushrooms at 0 and 4 d 
after harvest. RNA-seq reads were analyzed using the CLC genomics workbench. 
Pearson correlation values were calculated across all replicates for each pairwise 
comparison of lecsl and leggt homologues (Bonferroni-corrected α = 0.05).

Phylogenomic Analyses. Phylogenetic datasets of single-copy orthologs were 
constructed using OrthoFinder (30) with the flags -M msa -S blast -T iqtree (unless 
stated otherwise). Multiple sequence alignments were concatenated using a 
Biopython-based custom script and trimmed using PhyKIT (65) with default 
settings. Three datasets were assembled, including 1) a 30-genome/2,258-
gene “core” dataset containing 28 Lentinula genomes and two Omphalotaceae 
as outgroups, 2) a 39-genome/294-gene “Agaricales” dataset for molecular 
clock analyses containing 20 Lentinula genomes and 17 other Agaricales, with 
Plicaturopsis crispa (Amylocorticiales) and Serpula lacrymans (Boletales) as out-
groups, and 3) a 90-genome/196-gene “extended” dataset, with 88 Lentinula 
genomes and two Omphalotaceae as outgroups. Unpartitioned phylogenetic 

analyses were performed using IQTree (all datasets), and partitioned analyses 
were performed with RAxML (extended dataset only). Species tree analyses 
were performed using ASTRAL, with 196 gene trees from the extended dataset 
as input. Molecular clock analyses were performed using BEAST v2.6.6, with four 
fossils used for calibration, including Gondwanagaricites (Agaricales, 117 Mya), 
Archaeomarasmius (Marasmiaceae, 92 Mya), Nidula (Nidulariaceae, 50 Mya), 
and Palaeocybe (Psathyrellaceae, 50 Mya). For further details, see SI Appendix.

Topology tests were performed using all three datasets. Topologies focused on 
L. aciculospora placed it as the sister group to 1) all Asian–Australasian lineages 
(the optimal topology), 2) all other American lineages, 3) L. boryana, 4) L. raphan-
ica, or 5) all other Lentinula lineages. Topologies focused on L. aff. lateritia placed 
it as the sister group to (1) all other Asian–Australasian lineages (the optimal 
topology) or (2) other Australasian lineages (L. aff. lateritia plus L. novae-zelan-
diae). Topologies were evaluated with the bp-RELL, p-KH, p-SH, and c-ELW tests 
in IQTree V.1.6.1 (35). As a further sensitivity analysis, the three datasets used in 
phylogenomic analyses were subsampled according to six metrics: alignment 
length, degree of violation of the molecular clock (DVMC), median long-branch 
score, percent parsimony informative sites, saturation, and treeness divided by 
relative composition variability (RCV). Each statistic is inferred from phyloge-
netic or alignment properties (e.g., branch lengths and character composition) 
and is associated with robust phylogenetic signal (63, 66–68). For each metric, 
partitioned data matrices were made from the best scoring 50% of genes and 
analyzed using the concatenated and trimmed alignment as input for IQTree 
v.1.6.1. A file with the topologies to test was generated manually by modifying 
a previous IQTree run and provided as input with the option -z. IQTree was run 
with the options -n 0 -nt AUTO -zb 100. To determine if any taxa are susceptible to 
potential long-branch artifacts, long-branch scores per taxa were also examined 
(36). Metrics were calculated using PhyKIT, v1.2.1 (65).

Species Delimitation. STACEY v.1.2.5, implemented in BEAST v.2.6.3, was used 
to assess species limits under the MSC model (37, 38, 69). SortaDate (70) was 
used to select the best 200 genes in the core dataset using the ML tree inferred 
from the core dataset as a topological guide tree. An exponential relaxed clock 
model was used, and all priors and operator values were kept at default values. 
The analysis was run independently three times sampling trees every 5,000 gen-
erations for 100 million generations to assess convergence and ensure that ESS 
values are above 200, which were summarized in Tracer v1.7.2 (71). Trees from 
the three runs were combined in LogCombiner with a 10% burn-in. The propor-
tion of species assignments among the posterior trees was summarized using 
SpeciesDelimitationAnalyzer with a burn-in of 0, a sim cutoff of 1.0, and various 
collapse heights. The resulting posterior distribution of trees was visualized using 
the plot.simmatrix() function in R (72).

ITS Analyses. ITS sequences were extracted from genome sequences or were taken 
from the studies of Menolli et al. (10) and earlier studies (11), except the sequence 
of L. platinedodes, which was downloaded directly from the GenBank. Maximum 
likelihood trees were constructed using RAxML (73) hosted at vital-it.ch with default 
settings and 1,000 bootstrapping replicates; bayesian trees were computed using 
Mr.Bayes version 3.2.7 (74), and pairwise distances among sequences were calcu-
lated. Topology tests were conducted in IQ-TREE using an unedited ITS alignment 
(1,182 nt) or an alignment that was trimmed using ClipKIT (945 nt) (63).

Population Structure Analyses. PacBio sequenced L. edodes isolate HRB7683 
was utilized as the reference genome for variant calling. The repeat masked 
assembly (Lenedo1_AssemblyScaffolds_Repeatmasked.fasta.gz from JGI) was 
indexed with bwa index (BWA), and paired-end Illumina reads (from QC) were 
mapped with bwa mem (BWA) using parameters “-M -t16” and samtools view 
using “-buS” (SAMtools). BAM files were sorted with SAMtools sort and read 
groups added with bamaddrg (2020 Erik Garrison). Sorted BAM files were again 
indexed with samtools index, and the reference genome indexed with samtools 
faidx. FreeBayes-parallel was run on 10,000-bp subsets of the indexed reference 
genome using parameter “-C 10” to set a minimum of 10 observations per variant. 
Linkage disequilibrium analysis was conducted using LDkit v1.0 (75), and SNPs 
were filtered using VCFtools including “--thin 5,000 --remove-filtered-all --max-
missing-count 6 --maf 0.03 --recode --recode-INFO-all” to eliminate low-occur-
rence SNPs and subsample at a spacing of 5,000 bp to avoid linkage. SNP arrays 
were converted to multifasta alignments with VCF kit and analyzed with SplitsTree 
using the NeighborNet algorithm.D
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For population structure analyses, the subsampled and filtered vcf file from 
vcftools was converted to .bed and .bim formats with associated index and 
list files using plink --vcf with the “allow extra chromosomes” (--aec) option. 
Admixture v1.3.2 was then run for K (population) values between 2 and 15 
using the --cv option for five cross-validation runs per K value. The K value 
resulting in the lowest cross-validation error was then selected for visualization 
and further validation. Figures were created using R’s barplot and pie functions 
from Admixture ancestry percentage output. Unrooted phylogenetic networks 
based on SNPs were constructed using SplitsTree (41). Variant tables in VCF 
format were processed with PLINK (76) using option --aec, and PCA results 
were plotted in R using ggplot2 (77).

Species Network Analyses. Phylogenetic networks for the extended dataset 
were inferred in SNaQ using the maximum pseudolikelihood approach (42). A 
constrained analysis using the -h option to designate groups M1 and M2 in the 
L. edodes complex as hybrids. Networks were visualized in IcyTree (78).

Pangenome Analyses. Analyses on the distribution of orthogroups were com-
puted using the OrthoFinder output and a series of custom scripts that we have 
deposited at GitHub.

Data, Materials, and Software Availability. Newly sequenced genomes 
are available through the JGI MycoCosm portal (https://mycocosm.jgi.doe.
gov/Lentinula/Lentinula.info.html) (79) and have been deposited in the DDBJ/
ENA/GenBank databases. Genome statistics, including NCBI accession numbers, 
and data compiled for the analyses can be found at Open Science Framework 
(https://osf.io/594jv/; see SI Appendix for details) (80), and the code created 
for this project and descriptions of workflows have been deposited at GitHub 
(https://github.com/MANaranjo/Sierra-Patev-et-al-2022) (81) and Bitbucket 
(https://bitbucket.org/berkeleylab/jgi-lentinula/src/master/) (82).
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